Abstract. The present study determines the oncologic outcome of the combined resection and ablation strategy for colorectal liver metastases (CRLM). Between January 1994 and December 2014, 360 patients underwent surgery for CRLM. There were 280 patients who underwent hepatic resection only (group 1) and 80 hepatic resection plus ablation (group 2). Group 2 patients had a higher incidence of multiple metastases than group 1 cases (100% in group 2 vs. 28.2% in group 1; P<0.001) and bilobar involvement (76.5% in group 2 vs. 12.9% in group 1; P<0.001). Perioperative mortality was nil in either group with a higher postoperative complication rate amongst group 1 vs. group 2 cases (18 vs. 0, respectively). The median follow-up was 90 months (range, 1-180) with a 5-year overall survival for group 1 and group 2 of 49 and 80%, respectively (P=0.193). The median disease-free survival for patients with R0 resection was 50, 43 and 34% at 1, 2 and 3 years, respectively, and remained steadily higher (at 50%) in those patients treated with resection combined with ablation up to 5 years (P=0.069). The only intraoperative ablation failure was for a large lesion (≥5 cm). Our data support the use of intraoperative ablation when complete hepatic resection cannot be achieved.
Introduction
More than 200,000 deaths from colorectal cancer (CRC) are reported in Europe annually (1) with little variation over the last 20 years in the incidence of hepatic metastatic disease as a first presentation (2) . Despite the introduction of newer chemotherapies and targeted therapeutics as adjuvant treatments following radical colorectal resection, 60% of patients will eventually develop liver metastases (CRC LM) (3) . Most of these patients have disseminated disease and if untreated, they have a median survival of <1 year. For the minority of patients with disease confined to the liver, hepatic resection with negative (R0) resection margins remains the only potentially curative therapy (4, 5) . Despite a more aggressive surgical approach towards hepatic metastases, most patients with CRC LM even without demonstrable extrahepatic disease are not candidates for resection either because of bilobar disease that is not amenable to complete extirpation or where the extent of metastatic disease precludes the ability to leave a sufficiently functioning liver remnant. In an attempt to enhance resectability, several selective strategies have been tried including the use of neoadjuvant chemotherapy, 2-stage hepatectomy and preoperative portal vein embolization (6, 7) with only a limited number deemed suitable for either a formal hepatectomy or a non-anatomical wedge resection.
Interstitial thermo-ablative techniques such as radiofrequency ablation (RFA) permit parenchyma-sparing treatment of hepatic tumours in these clinical scenarios (8) with several studies reporting long-term survival following cryosurgical ablation (CSA) in selected cases (9, 10) although in this technique the instrumentation has proven cumbersome and substantial complication rates have been reported (9, 11) . Radiofrequency ablation is currently the most commonly used ablative method with a number of studies reporting its inherent safety (12) (13) (14) . Although RFA has traditionally been used in a palliative setting for CRC LM, it has been also utilized as an adjunct to resection designed to improve metastasis resectability. In this context the current data of combined resection plus thermo-ablation are limited and the oncologic outcome of this approach is uncertain (14, (15) (16) (17) (18) (19) (20) (21) (22) (23) . The aim of the present study is to review our experience of patients undergoing hepatic resection for CRC LM combined with intraoperative thermo-ablation and to analyze the safety, utility and oncologic outcome of this operative strategy.
Materials and methods
Data were obtained from a prospectively collated hepatobiliary surgery database in a dedicated oncology institute identifying a total of 360 patients with resected CRC LM was included in this analysis, treated during January 1994-December 2014. Of this total, 80 patients (22%) underwent hepatic resection combined with additional thermo-ablative procedures as the primary treatment modalities. All patients routinely underwent preoperative abdominal and pelvic computed tomographic (CT) scans, chest roentgenograms or chest CT and colonoscopy. Other imaging studies such as ultrasonography, magnetic resonance imaging and positron emission tomography (PET) were obtained at the discretion of the treating surgeon. Preoperative chest CT and PET scanning was performed in 320 (89%), and 307 (85%) patients, respectively, in accordance with our previously published guidelines (24) . Liver function was evaluated with standard serum biochemical tests and by the Childs-Pugh classification. No patients with biochemical evidence of cirrhosis were included in this series analysis.
A standardized approach to hepatic resection was used, which has been published (4, 24) . Briefly, this method involves the use of low central venous blood pressure, vascular control, and parenchymal transection using a clamp-crushing technique with an intermittent Pringle maneuver. Intraoperative ultrasound (IOUS) was carried out in all patients and was also used to guide placement of the RFA needle electrode. with the application of radiofrequency energy, the electrode delivers a high-frequency alternating current to the immediate surrounding tissues. Inflow arrest was not routinely performed for ablations. The RFA was administered by means of 17-gauge multi-tined expandable RF needle electrodes (Med Italia Biomedica, Medolla, Italy) using an RF generator (RF2000; Boston Scientific, Marlborough, MA, USA). The formation of the typical hyperechoic peri-lesional cloud was monitored by IOUS.
Unit indications/contraindications for combined resection plus intraoperative RFA. Intraoperative thermal ablation was combined with liver resection (when deemed necessary), so as to avoid extensive hepatectomies particularly for deep liver metastases <4 cm in diameter. For each patient, the decision to perform RFA in association with surgical ablation of the liver metastases was taken by a multidisciplinary team involving the surgeon, an interventional radiologist and an oncologist and was based upon both technical feasibility of the combined procedure and its potential cost-effectiveness.
If extrahepatic disease was present, liver resection was indicated for: i) resectable/ablatable pulmonary metastases; ii) resectable/ablatable isolated extrahepatic sites (e.g., ovary and lung); iii) local direct extension of liver metastases to the diaphragm and/or the adrenal gland that can be resected.
Contraindications to liver resection included uncontrolled extrahepatic disease such as widespread pulmonary disease; diffuse peritoneal disease; extensive nodal disease (such as retroperitoneal, mediastinal or portal nodes) or central nervous system metastases. All patients submitted to intraoperative RFA were followed-up by CT scan one month after the procedure to verify the completeness of necrosis of the lesion. For the purposes of the present study we divided patients into 2 groups: hepatic resection only (group 1) and hepatic resection plus RFA (group 2).
Definitions. Resections were defined in accordance with the Couinaud classification (25) . Resection of segments 4 through 8 is referred to as an extended right hepatectomy; resection of segments 2 through 5 and 8 is an extended left hepatectomy. A right hepatectomy is a resection of segments 5 through 8; a left hepatectomy is resection of segments 2 through 4. Major hepatectomy was defined as resection of 3 or more segments. The largest resection was labelled as the primary procedure and additional smaller resections and ablations were labelled as secondary procedures. Bilobar tumour involvement was defined as tumour(s) involving any segments of the left and right hemiliver. Failure of ablative treatment was defined as incomplete ablation (judged on IOUS). In situ recurrence was defined as radiologic (CT or magnetic resonance imaging) and/or histologic (needle biopsy) detection of recurrent tumour at the original ablation site during follow-up. Radiologic proof was evaluated by sequential imaging demonstrating progression of disease. Synchronous disease was defined as the identification of liver metastases within 1 year from the date of resection of the primary colorectal carcinoma.
All complications and deaths within 30 days of surgery were considered as postoperative morbidity and mortality. Complications were graded on a scale of 1-5 according to a previously published grading system (26) . Grade 1 complications are those that require only supportive care. Grade 2 complications require moderate interventions such as intravenous medications or prolonged tube feeding. Grade 3 complications require invasive surgical or radiologic intervention. Grade 4 complications produce chronic disability, and grade 5 complications result in death. Grades 1 and 2 were grouped as minor complications and grades 3-5 as major complications.
Statistical analysis. SPSS statistical software, version 12 (SPSS Inc, Chicago, IL, USA) was used for data analysis. Categorical variables were compared using the χ 2 test and continuous variables were analyzed with the wilcoxon rank-sum test. Survival comparisons were performed by the Kaplan-Meier method with comparisons made using the log-rank test where survival data were measured from the time of resection of the hepatic metastases. Results are reported as medians with ranges unless otherwise stated and P-values <0.05 are considered significant.
Results and Discussion
Over the 20-year period there were 168 males and 162 females included with separation of cases into two main groups; group 1 with 280 patients undergoing resection only (mean age, 60 years; range 25-86 years) and group 2 with 80 patients undergoing combined resection and RFA treatment (mean age, 58 years; range, 50-83 years). Table I shows the patient characteristics and distribution of metastases amongst the two groups. In 61 patients (76.5%), intraoperative RFA was used for centrally located tumours on the contralateral side of the primary resection that could not be safely removed by resection. Ten patients (12.5%) had extensively diseased parenchyma (steatosis) precluding further resection and 2 patients (2.5%) 34 (23) 10 (22) Simultaneous primary resection, n (%) 21 (26) Preop. Portal vein embolization, n (%) 7 (8.75)
Extrahepatic resection, n (%) 5 (6) Local invasion, n (%) 3 (4)
Histologic infiltration, n (%) 2 (2) had tumour proximate to the inferior vena cava precluding a margin-negative resection. In 11 patients (13.75%), the primary tumour was associated with regional lymph node metastases. The median preoperative serum carcinoembryogenic antigen (CEA) level at the time of partial hepatectomy was 12 ng/ml (range, 3-21 ng/ml), with 29 patients (36%) recording a level >15 ng/ml. Sixty-nine patients (86%) presented with synchronous hepatic metastases. Neoadjuvant chemotherapy was administered in 18 patients (22.5%), for a median period of 3 months (range, 2-6 months). Adjuvant chemotherapy following hepatic resection was administered to 69 patients (86%). Overall, a total of 478 tumours were ablated; 98 (30.6%) by RFA with 380 resections. Group 2 patients had a higher incidence of multiple metastases (100% in group 2 vs. 28.2% in group 1, respectively; P<0.001) and bilobar involvement (76.5% in group 2 vs. 12.9% in group 1, respectively; P<0.001) with a correspondingly higher mean number of lesions treated per patient (mean = 4, range 2-10 in group 2 vs. mean = 1, range 1-6 in group 1; P<0.001). The timing of liver metastasis presentation influences the treatment type where synchronous metastases are more likely to be treated by combined therapy (70.6 vs. 39.1%, respectively; P=0.018). Table II shows the type and extent of ablative procedure amongst the two groups. A total of 219 wedge resections were performed. This type of resection was the commonest type of procedure performed in group 2 cases (86/100). Overall, amongst the major hepatectomies, multiple segmentectomy was the most commonly performed procedure (39 cases or 24% of the total hepatic resections) with 25 such procedures being performed in group 1 cases (8% of total hepatic resections). Extended hepatectomies and hemihepatectomies were performed in 13 and 8 patients, respectively (all within group 1) representing 8 and 10%, respectively, of all resections performed. histologically involved surgical margins were found in 67 (24.1%) of the resection only group 1 cases and in 19 (23.5%) of the combined treatment group 2 cases. Concerning perioperative data for the resectional group, the median operative time was 120 min (range, 90-150 min) for group 1 patients whereas combined resection and RFA treatment took a median of 220 min (range, 180-300 min). The median duration of the Pringle maneuver (when used) for both groups was 15 min (range, 10-32 min). The median intraoperative estimated blood loss was 250 ml (range, 50-1200 ml), with a median postoperative hospital stay of 8 days (range, 5-28) for resection only cases and 9 days (5-32) for those who had RFA in addition to resection. There was no perioperative mortality with a per-operative complication rate of 6% (18/280 cases) which included 5 bile leaks, 3 patients with atrial fibrillation, 1 patient with a postoperative myocardial infarction, 2 patients with transient hepatic dysfunction and a further 2 cases with postoperative ileus. Six patients in the hepatic resection only group developed postoperative infectious complications (1 bile leak, 3 pleural effusions, 1 bronchopneumonia and 1 wound infection). There were no RFA-associated complications or complications in the combined treatment group. Fig. 1 shows an example of the effect of RFA thermo-ablation on different hepatic lesions in a single patient treated with combined resection and RFA (segments V, VII and VII), as they appear on CT scan ten days after surgery.
The median follow-up for survivors was 90 months (range, 1-180 months). For the entire group as measured from the time of hepatic resection, the overall 3-and 5-year survival was 70 and 50%, respectively (Fig. 2) . The 5-year survival for group 1 and group 2 was 49 and 80%, respectively (P=0.193; Fig. 3 ). On univariate analysis, tumour size exceeding 5 cm, a positive resection margin, positive nodal status of the primary, tumour number and the preoperative CEA level were not associated with survival (Table III) . For those undergoing RFA treatment, the number of lesions, a size of lesion exceeding 2 cm in maximal diameter or proximity to major vessels were not associated with overall survival. The median disease-free survival measured from the time of hepatic resection for the patients with complete gross resection was 30 months (range, 1-180 months), with an actuarial disease-free survival of 50% at 1 year, 43% at 2 years and 34% at 3 years (Fig. 4) . The median hepatic disease-free survival was 20 months (range, 0-160 months) where 91 patients (66%) had hepatic recurrence at the time of last follow-up (Fig. 5) . The disease-free survival of patients treated with combined resection and RFA was higher than that of the resection-alone group at 3 years (50 vs. 37.14%, respectively; P=0.48) and at 5 years (50 vs. 33.9%, respectively; P=0.069). Overall, disease recurred in 169 of the 280 patients undergoing complete gross resection (70%) where 111 patients (30%) had no signs of recurrence at their last follow-up. The only intraoperative thermo-ablation failure was for a large lesion 5 cm in maximal diameter. Amongst the group 1 patients where there was histological margin involvement (R1 resections) there were 4 in-liver recurrences representing 1.5% of the total resection group or 6% of R1 resections. Amongst the group 2 cases there were 19 with histological involvement of their resection margins with 2 cases of in liver recurrence (both at the site of the previous resection), representing recurrence in only 2.5% of group 2 patients or 10% of all R1 resections.
This single unit retrospective analysis showed similar overall and disease-free survival between patients with hepatic colorectal metastases undergoing hepatic resection and those receiving combined hepatic resection with RFA treatment, despite the finding that patients having the combined treatment overall had more hepatic lesions. Colorectal cancer (CRC) is the 3rd leading cause of cancer death, with one-quarter of CRC patients presenting with metastases where over recent years there has been a generally more aggressive attitude towards surgical metastasis excision (5, 27) . In this context, R0 marginfree surgical resection remains the only potentially curative treatment available although only between 10 and 20% of patients will actually be suitable for this approach. A variety of ablative therapies including chemical ablation, cryosurgery, thermo-ablation (radiofrequency ablation-RFA and microwave therapy) and electroporation have been advocated for hepatic metastatic CRC with each modality having particular indications and contraindications (28) . The commonest treatments with available outcome data are RFA and cryoablation. Such ablative therapies have traditionally been used in the treatment of hepatic metastatic CRC for the local control of unresectable disease, however, they have also been employed selectively as an adjunct to hepatic resection in an attempt to enhance the potential resectability of some metastatic tumors (29) .
Several clinical questions remain concerning the wider use of RFA in hepatic metastatic CRC. The first question is whether RFA is equivalent to resection in clearly resectable cases. In this respect, there are considerable data showing higher local recurrence and reduced survival for RFA-only treated cases although it is accepted that patients undergoing potentially curative hepatic resections and those treated with ablative therapies are not strictly comparable (30) . Concerning this point, however, a recent Cochrane Library review concluded that the therapeutic use of RFA as a definitive alternative to resection remains unproven (31) . The second question is whether RFA can extend the pool of resectable cases. Attempts to assess this question through randomized controlled trials have failed with the French FFCD trial which compared RFA with resection closing in 2004 (32) and the EORTC-CLOCC trial which compared RFA with chemotherapy in cases deemed unresectable being downscaled from a phase III to a phase II study and closing early in 2006 because of poor recruitment (33) . The extended use of RFA as an adjunct to resection appears to be gaining worldwide acceptance with a respectable safety profile (8, 11) although its efficacy is controversial because of relatively high reported rates of intrahepatic recurrence either at or distant from the ablation sites (34). Data specifically assessing the role of combined resection plus RFA in metastatic CRC are currently limited and non-randomized (Table IV) and the reported oncologic outcomes are mixed. Early studies by Elias et al (14, 15) and Pawlik et al (16) reported the safety of single-arm studies which combined resection with RFA; an effect confirmed in a later non-randomized single-arm analysis by Evrard et al (21) which assessed RFA use in a single surgical unit for unresectable hepatic disease. Although patients can achieve prolonged survival with this approach, the low early event-free survival rate reported in this study suggests that they are rarely cured from their hepatic disease if it is initially deemed unresectable.
Abdalla et al (17) and Kornprat and colleagues (18) both independently showed higher intrahepatic recurrence rates and survival disadvantage if combination therapies were used whereas similar to the present study, others have been unable to demonstrate any deleterious survival effect if RFA is added to resection specifically if it is applied in patients presenting with bilobar disease (20, 22) . The present study showed an in liver recurrence rate that did not differ between resection only and combined management cases and that was similar to other studies (19) (20) (21) 23) . Variations in the patterns of recurrence in the differently managed groups will most likely reflect a worse tumour biology where recurrences are relatively uncommon at the RFA-treated sites but where RFA-managed patients tend to have higher rates of extrahepatic failure (19, 30) .
These studies should be interpreted with caution as they have considerable heterogeneity, with variations in the technical radiofrequency approach (percutaneous, laparoscopic or open) and with the type of RFA probe used (35) (36) (37) . Also, these variant RFA approaches are not strictly comparable and each has particular advantages and disadvantages. Percutaneous RFA for example, is unable to directly assess the zone of thermal injury and is less reliable when a lesion is subcapsular or adjacent to other viscera. By contrast, open RFA can be used concomitantly with intra-abdominal staging, at the time of temporary hepatic inflow occlusion and during selective synchronous resections of the colorectal primary.
Overall, RFA appears to be a safe ablative modality where decision making concerning the different forms of ablation available reflects both inherent instrumental safety profiles and specific clinical scenarios. By contrast to RFA, serious adverse events have been reported with cryosurgical ablation (CSA), including a cryoshock syndrome, significant haemorrhage following ice ball cracking and the development of hepatic abscesses (10, 11) . Limited retrospective data comparing RFA with CSA have reported higher complication rates, more extensive blood loss and a more prolonged length of hospital stay in those patients treated with CSA (38) . Non-thermal ablative techniques in particular will have a role in those cases presenting with large central tumours located near great vessels where RFA efficacy would be diminished by a well-described 'heat-sink' effect of cooling local blood flow (8, 28, 39, 40) .
The oncologic efficacy of thermo-ablative techniques is influenced by various tumour-related factors, including the number of lesions, their size and their proximity to larger vessels (11, 14, 17, 41) . In this regard, treatment by RFA of hepatic tumours exceeding 3 cm in maximal diameter remains a significant challenge. The only RFA in-liver recurrence in our series occurred at the ablation site of a lesion which was 5 cm in size. Larger lesions are more amenable to CSA because multiple probes can be placed simultaneously where in this setting the hypoechoic changes induced by the iceball can be readily visualized with ultrasound. The use of CSA is also preferable to define margin enhancement when a lesion has been excised with suboptimal margins making CSA currently the only described method of achieving longterm survival in patients where margins are histologically involved (42) . Alternatively in those cases managed with RFA, in order to minimize treatment failure in the smaller tumors, future analysis will be required of the efficacy of the newer electrodes which are capable of inducing larger coagulation zones. For centrally located larger tumours on the contralateral side of a primary resection that cannot be surgically removed whilst preserving a sufficient functional liver remnant, RFA combined with temporary hepatic inflow occlusion designed to diminish ablative heat loss may potentially prove the best management option (43) .
In conclusion, the present study has the major limitations of being a retrospective review of non-randomized cases. Given that the number of tumour deposits and their size correlate with a worse survival and that RFA-treated cases tend more often to have multiple tumours, bilateral disease and larger lesions, strict comparison of treated groups will be flawed because of poor patient matching. This has resulted in an inability to conduct randomized trials incorporating combined therapy in one treatment arm (44) where closer matching although resulting in enhanced internal comparability actually reduces the generalizability of the data (30) . In order to overcome this matching bias, Gleisner et al (19) used the more rigorous technique of propensity score analysis designed to determine the likelihood that a patient will receive a specific treatment by creating a single predictor which reflected all of the confounding clinicopathological variables (45) . Even this approach will have limitations if the studied populations (resection vs. combined resection plus RFA) have relatively poor overlap of their characteristics such that the baseline features will be so different between the groups that no causal conclusions concerning the differential effects of the treatment can be effectively drawn. In summary, our data support the use of RFA when complete resection of an hepatic metastasis from CRC cannot be achieved. The combination of resection with ablation shows equivalent recurrence rates when compared with resection alone and does not appear to compromise cancer-specific survival. Despite an inability to adequately randomize patients to different treatment arms, a more extended use of RFA in cases initially deemed unresectable will at least define standards during ablation both for RFA technique and for real-time ultrasonographic monitoring during such procedures.
